Similarly to the PDZ-containing protein erbin 5 , harmonin promoted voltage-dependent facilitation of Ca v 1.3 in transfected HEK-293T cells (data not shown). However, harmonin also significantly suppressed peak Ca v 1.3 Ba 2+ current (I Ba ) density (~66%, P < 0.001; Fig. 1c ) while having no major effects on voltage-dependent activation (Supplementary Table 1 ). Harmonin significantly decreased the maximal 'on' gating charge (Q on ) of I Ba and tail current amplitudes at the reversal potential (~67%, P < 0.001; Fig. 1d and Supplementary  Fig. 1 ), which suggests that harmonin reduces the number of available Ca v 1.3 channels rather than the open probability. Disrupting the type I PDZ-binding sequence of α 1 1.3 by substituting the C-terminal leucine for alanine prevented both harmonin binding ( Fig. 1e) and inhibition of the Ca v 1.3 peak current density (P = 0.93; Fig. 1f ).
Harmonin inhibits presynaptic Ca v 1.3 Ca 2+ channels in mouse inner hair cells Harmonin is a scaffolding protein that is required for normal mechanosensory function in hair cells. We found a presynaptic association of harmonin and Ca v 1.3 Ca 2+ channels at the mouse inner hair cell synapse, which limits channel availability through a ubiquitin-dependent pathway. As described previously [6] [7] [8] , harmonin is strongly localized in the apical hair bundles of IHCs ( Supplementary Fig. 2 ). However, closer scrutiny revealed harmonin clusters at the base of IHCs, which colocalized with the ribbon synapse protein ribeye/CtBP2 at a subset of synapses (Fig. 1g) . Comparisons before (postnatal day 6-8, P6-8) and after (P14-16) hearing onset (Supplementary Methods) revealed a developmental increase in the number of harmonin-positive IHC synapses (Fig. 1g) . In most immature IHCs (30 of 35), harmonin was localized at ~10-30% of synapses per IHC. However, in mature IHCs (18 of 31), ~40-60% of synapses per IHC were harmonin positive (Fig. 1g) . Ca v 1.3 channels may be necessary for the synaptic localization of harmonin; the fraction of harmonin-positive synapses was significantly reduced in IHCs from Cacna1d −/− (Ca v 1.3) mice (~26% of harmonin-positive synapses in wild type, P6-8, n = 84 IHCs; ~10% in Cacna1d −/− , P6-8, n = 82 IHCs; P < 0.001; Fig. 1g ). Harmonin also co-immunoprecipitated with Ca v 1.3 from cochlear extracts (Supplementary Fig. 2 ). These findings support the idea that there is a presynaptic association of harmonin with Ca v 1.3, primarily in mature IHCs.
To determine whether harmonin regulates presynaptic Ca v 1.3 channels in IHCs, we analyzed deaf-circler mice 9 , which have a mutant allele (dfcr) of the harmonin gene (Ush1c). Although the mutant protein retains the second PDZ domain, which interacts with α 1 1.3 (Fig. 1b) , the coiled-coil domain is deleted and the PDZ domains are abnormally close to each other. Mutant harmonin did not bind to α 1 1.3 (Fig. 2a) or affect peak Ca v 1.3 I Ba density in transfected HEK-293T cells (P = 0.10; Fig. 2b) , indicating that the harmonin mutant does not functionally interact with α 1 1.3. Consistent with a normally inhibitory role for harmonin, whole-cell I Ba density was greater in Table 2 ). This difference was not observed at P6-8 (P = 0.59; Fig. 2d) , consistent with sparse synaptic localization of harmonin at this age (Fig. 1g) . Ca 2+ microdomains, which primarily reflect presynaptic Ca 2+ influx 10 , had higher amplitudes in mature mutant IHCs than in control IHCs (~53%, P = 0.02; Fig. 2e,f) . Taken together, these results indicate that harmonin directly inhibits synaptic Ca v 1.3 channel density in IHCs, which is disrupted by the dfcr mutation.
Cell-surface density of ion channels can be regulated by ubiquitination and targeting for proteosomal or lysosomal degradation 11 . Thus, we tested whether harmonin enhanced the ubiquitination of Ca v 1.3 in HEK-293T cells (Supplementary Methods). Following immunoprecipitation with antibody to α 1 1.3, western blotting revealed higher levels of ubiquitinated channels in cells that were co-transfected with harmonin, which was intensified by the proteosomal inhibitor MG132 (Fig. 3a,b) . In addition, harmonin altered the distribution of cellsurface Ca v 1.3 channels that were immunofluorescently labeled by an extracellular hemagglutinin epitope. Although Ca v 1.3 channels alone showed a fairly continuous distribution, harmonin caused Ca v 1.3 channels to form large clusters in the plasma membrane ( Fig. 3c and Supplementary Fig. 3 ). The patchier cell-surface distribution of Ca v 1.3 channels caused by harmonin was reversed by MG132 (Fig. 3c) . Given that MG132 broadly affects the ubiquitin system and may affect both proteosomal and lysosomal protein pathways, the altered distribution of Ca v 1.3 channels caused by harmonin may result from improper trafficking and/or degradation of ubiquitinated channels. Although Ca v β subunits inhibit ubiquitination of Ca v channels 12, 13 , the inhibition of Ca v 1.3 current density by harmonin did not require Ca v β (Fig. 3d) , but was blocked by MG132 (MG132 did not affect current density in cells with Ca v 1.3 alone; Fig. 3e and Supplementary  Fig. 4) . We conclude that harmonin tags Ca v 1.3 channels for ubiquitination and alters their functional levels at the cell surface. This may constrain the number of available presynaptic Ca v 1.3 channels in IHCs, a parameter that varies between IHC synapses 10 and during development 14 . Together with evidence that harmonin regulates mechanotransduction currents 8, 15 , our findings indicate that harmonin is not simply a scaffold, but is an integral component of ion channel complexes and a fundamental regulator of electrical and Ca 2+ signaling in auditory hair cells.
Note: Supplementary information is available on the Nature Neuroscience website.
